Purpose Transmural abnormalities in myocardial blood flow (MBF) are important causes of ischaemia in patients with left ventricular (LV) hypertrophy. The study aimed to test whether pixel-wise parametric mapping of 13 NH 3 MBF can reveal transmural abnormalities in patients with hypertrophic cardiomyopathy (HCM). Methods We submitted 11 HCM patients and 9 age-matched controls with physiological LV hypertrophy to rest and stress (dipyridamole) 13 NH 3 PET. We measured MBF using a compartmental model, and obtained rest and stress parametric maps. Pixel MBF values were reorganized to obtain subendocardial and subepicardial MBF of LV segments.
Introduction
PET is an established and effective research tool for myocardial blood flow (MBF) quantitation and is becoming a clinical reality [1] [2] [3] [4] . Water labelled with 15 O has been considered ideal for MBF quantitation [5] [6] [7] [8] [9] [10] . More recently, differential evaluation of subendocardial and subepicardial MBF has been attempted using H 2 15 O MBF parametric images [11] [12] [13] [14] . Identification of transmural abnormalities in MBF could play an important role in the evaluation of various heart diseases, and represents a major advance in the current practice of quantitative PET [15] . However, H 2 15 O has some practical disadvantages for clinical PET [2] [3] [4] . Conversely, 13 NH 3 has a halflife of 10 min that allows high-quality gated myocardial imaging [2] [3] [4] . As well as H 2 15 O, MBF quantitation using 13 NH 3 is based on robust compartmental models, providing reliable results [16] [17] [18] .
In this study, we tested the feasibility of pixel-wise parametric 13 NH 3 MBF imaging for the differentiation of subendocardial and subepicardial MBF. We focused on patients with hypertrophic cardiomyopathy (HCM), whose left ventricular (LV) wall thickness can be more than 20 mm and therefore well above the resolution limits of modern PET scanners [19] . Because subendocardial ischaemia has been demonstrated in these patients, they represent the ideal population to assess the ability of parametric 13 NH 3 MBF images to reveal transmural abnormalities [11, 19, 20] . Thus, the aim of the study was to assess the ability of 13 NH 3 to reveal transmural abnormalities in MBF already demonstrated in patients with HCM using H 2 15 O [12] .
Materials and methods

Patient population
At our institution, HCM patients are referred for PET imaging for assessment of microvascular dysfunction, to investigate the cause of symptoms such as dyspnoea and angina, and for risk stratification. The present study prospectively enrolled 11 consecutive patients with HCM undergoing MBF PET. Diagnosis of HCM was based on evidence of a hypertrophied LV with a maximal wall thickness of ≥15 mm in the absence of other evident causes explaining the degree of hypertrophy. Whenever possible, the diagnosis was confirmed by genotype analysis [19, 21] . All patients had normal LV systolic function and preserved regional motion. Most patients (6) were asymptomatic. For comparison, nine subjects studied because of electrocardiographic abnormalities and borderline LV hypertrophy detected during sport medicine evaluation were used as controls. In these subjects, structural heart disease was excluded and regression of electrocardiographic and echocardiographic abnormalities was observed after discontinuation of athletic training. Our Ethics Committee approved the study, and all subjects signed a written informed consent form. The main features of the two groups are presented in Table 1 .
Echocardiography
Echocardiography was performed with commercially available instruments. LV hypertrophy was assessed by twodimensional echocardiography, and the site and extent of maximal wall thickness were identified. Maximal end-diastolic LV wall thickness was taken as the dimension of greatest magnitude at any site within the chamber. Peak instantaneous outflow gradient was measured under baseline conditions [22] .
PET imaging
Patients were studied using our standard rest and stress protocol using a PET/CT Gemini TF scanner. Briefly, after fasting overnight and avoidance of caffeine-containing beverages for 24 h, patients underwent CT imaging for attenuation correction followed by a rest study with administration of 370 MBq of 13 NH 3 as a slow bolus and dynamic list mode acquisition. After 60 min, the stress study was performed using similar modalities with administration of 0.56 mg/kg of dipyridamole over 4 min. Patients were constantly monitored with automatic blood pressure measurements at 1-min intervals and 12-lead electrocardiography. After 3 min following dipyridamole completion, 370 MBq of 13 NH 3 was injected and a second dynamic study acquired. Haemodynamics at baseline and at peak stress are shown in Table 2 . PET studies were then reconstructed with attenuation correction using a BLOB-OS-TF iterative algorithm with 33 subsets, three iterations with relaxation parameter 1, on 144× 144× 45 matrices. This is reflected in a pixel size of 4 mm, chosen to obtain a high pixel-by-pixel signal-to-noise ratio, but also preserving the intrinsic tomographic spatial resolution (7 mm at FHWM) in the reconstructed image. A sampling step of 4 mm is well suited, according to the Shannon theorem, to the accurate sampling of cardiac walls of average thickness more than 20 mm [23] . The dynamic list sequence was reframed for off-line quantitative MBF measurement in a dynamic series of 24 frames of 5 s, 2 of 30 s and 1 of 60 s duration, followed by a prolonged frame for the next 5 min. Electrocardiographic and respiratory gating were not applied.
MBF quantitation
The reconstructed images were transferred to a workstation for quantification using the PCARD tool (PMOD Technologies, version 3.502). In a semiautomatic workflow, using as reference the final uptake frame in which the myocardium is clearly visualized, the images were reoriented along the heart axis, and segmented into the 17 AHA segments within the detected endocardial and epicardial borders [24] . For each myocardial segment, the average time-activity curve (TAC) for tracer concentration was calculated. Volumes of interest (VOIs) were generated in the LV and right ventricle (RV) to obtain the blood activity TACs. An arterial input function (AIF) was derived from the LV TAC by applying a linear metabolite correction according to the method described by DeGrado et al. [18] . The segmental MBF values were finally obtained by fitting a single-tissue compartment model [18] with spillover from the LV and RV to the respective myocardial TACs. A reference threshold of 1.85 mL/min/g was used to classify as abnormal the maximal stress MBF [25] .
As part of the fitting process, a parametric MBF map was also generated within the epicardial and endocardial boundaries [26] . The procedure used the same AIF, dual spillover correction and single-tissue compartment model, but fitted the pixel-wise TACs using a basis function approach as described in Appendix 1.
Data processing and transmural layer analysis
The mask of the parametric images and the segments into which it was divided were saved together with the parametric map. Using the Fusion tool of PMOD, a segmented mask was constructed by multiplying the mask by the segment image. After superimposition of the segmented mask on the parametric map image, the MBF values of the pixels assigned to each segment were exported in a matrix file together with their orthogonal coordinates.
To distinguish different layers of the heart wall a methodology based on the position of the different pixels (in terms of their orthogonal coordinates) relative to the centre of the LV was adopted. In this operation, the intensity associated with each pixel was used only to remove all points with value less than a given threshold so as to limit the impact of noise. The details of the procedure are described in Appendix 2.
Once the subendocardial and subepicardial layers were identified, the MBF of each segment was computed by averaging the values of the pixels belonging to it. Because in most cases the apex could not be included in the analysis, 16 segments were considered in each subject. The whole computational procedure was implemented using ad-hoc programmed functions in the R environment [27] .
Statistical analysis
Data are expressed as means±standard deviation. Comparisons within and between groups were performed with Student's t test for paired or unpaired samples as appropriate, with Bonferroni's correction for multiple comparisons as appropriate. Comparison of proportions was performed with Fisher's 
Transmural analysis
The processing method is illustrated in Figs. 1 and 2. At rest, the mean subendocardial MBF in controls was 0.92 ± 0.24 mL/min/g tissue and the subepicardial MBF was 0.75±0.24 mL/min/g tissue (p<0.0001). The corresponding values in HCM patients were 0.78± 0.19 mL/ min/g tissue and 0.60±0.18 mL/min/g tissue, respectively (p < 0.0001), and were also both significantly lower (p<0.0001) than the MBF of the related layer in controls (Fig. 3) . Conversely, the transmural perfusion gradient (subendocardial MBF/subepicardial MBF) was similar in the two groups: 1.28±0.27 in controls and 1.35±0.31 in HCM patients (not significant; Fig. 4 ).
During stress, maximal subendocardial MBF in controls rose to 2.44±0.54 mL/min/g tissue and subepicardial MBF 
Discussion
The main finding of this study was methodological. For the first time it has been possible to separately assess in an effective manner subendocardial and subepicardial MBF using 13 NH 3 , producing values that appear plausible and clinically reliable. Indeed, we were able to confirm that in HCM patients the stress-related abnormalities in MBF are significantly more severe in the subendocardium than in the subepicardium, in full agreement with the findings of Knaapen et al. [12] . As a novel contribution as compared to that study, we demonstrated subendocardial MBF impairment in HCM patients of clearly younger age and most importantly without noninvasive demonstration of LV outflow tract obstruction at rest. Moreover, our finding that only HCM patients showed an extremely low transmural perfusion gradient during hyperaemia suggests that microvascular impairment can be so severe as to produce true subendocardial ischaemia in these subjects.
The demonstration of transmural abnormalities in HCM patients using 13 NH 3 introduces the possibility of reproducing with this tracer the results obtained using H 2 15 O. The latter tracer has until now been considered the only tracer that allows evaluation of transmural differences in MBF, although the limitations with the use of 15 O imaging has hindered its widespread use in clinical practice. Some drawbacks concerning the numerical stability of the measurements of MBF obtained using H 2 15 O have been recognized. The lack of myocardial images suitable for VOI definition [5] [6] [7] [8] , the consequent necessity to include C 15 O scans in the imaging process [28] [29] [30] and the necessity to introduce ventricular spillover coefficients in the operational kinetic equation should be considered as major concerns. To avoid problems related to the management of C 15 O scans, techniques based on factor analysis theory have been proposed [9, 10] . Unfortunately, this category of techniques is strongly user-dependent and affected by a critical signal-to-noise ratio. Methods based on a general theory for linear dimension reduction of an image sequence have also been presented [31, 32] . In this case, the reliability of these methods may be hampered by the necessity to include the LV and RV cavity TACs as variables and covariables in the reconstruction kernel, a task that may be difficult. Concerning 13 NH 3 , major drawbacks for MBF measurement are its incomplete extraction and retention by the myocardium. Several mathematical approaches have been developed to manage this problem. The one-compartment mathematical method implemented in this paper has shown optimal suitability in reproducing 13 NH 3 kinetics, given the optimal timing of the acquisition protocol [18] . In particular, applying a complete two-compartment model for 13 NH 3 , it was demonstrated by experimental measurements that within the first 4 min after tracer injection, the rate exchange constants governing the trapping compartments vanish, thus preventing the inadequacy of the one-compartment model to reproduce both metabolic trapping and back-flux. In this case, changes in myocardial tracer activity can be considered solely dependent on MBF, which, as a consequence, can be reliably assessed using 13 NH 3 . The ability of 13 NH 3 to provide separate subendocardial and subepicardial MBF values allowing transmural MBF analysis could have important clinical consequences given the importance of expanding the role of PET measurements and the various advantages that 13 NH 3 has in clinical practice [2] [3] [4] . Of the other available tracers, 82 Rb would probably have major limitations in spatial resolution for transmural measurements because of the relatively long distance covered by its high-energy positrons [33] . Because it is labelled with 18 F, flurpiridaz could possibly be more promising for this purpose, although the definition and validation of convincing models for MBF quantitation are still to be completed [34] .
Various limitations of this study must be considered, including the small sample size. Owing to the small size of the patient cohort we preferred not to expand our analysis to regional differences in transmural MBF, which could be reasonably expected in HCM patients. The MBF measurement of the apex poses additional problems, partly related to the partial volume effect [35] . Accordingly, improvements in layer analysis are still required to obtain a reliable transmural evaluation at the apical level, but the same problem is present using O, and the traditional segmentation approach [36] . We did not perform any correction for patient breathing or for myocardial contraction. This is a major problem affecting the issue of MBF measurement in PET. To the best of our knowledge, there are so far no reports describing the application of respiratory and/or electrocardiographic gating to dynamic perfusion PET. This limitation could become even more relevant in in patients with normal LV myocardial thickness. The use of frozen images derived from electrocardiographic gating applied to list mode dynamic acquisitions could significantly improve image resolution [37] .
Future improvements in hardware including computers could allow further gains in image resolution, and permit the use of gating without undue decreases in the signal-to-noise ratio of the dynamic frames needed for MBF measurement. Moreover, coregistration with other imaging modalities, such as cardiac magnetic resonance, could be very helpful [13] . This could also be most important to avoid the interference of abnormalities in LV motion or of differences in LV function with MBF data, a problem that in our patient population could not be definitely ruled out. These developments and modifications in reconstruction methodology, including the use of region of interest-based reconstruction [38] , could lead to the increase in resolution needed to reliably expand the layer assessment performed in patients with a hypertrophic myocardium to the whole population.
Previous experience with H 2
15
O suggests that valuable data can be obtained in normal controls and in patients with coronary artery disease [13, 14] . Therefore, we cannot presently define a thickness threshold below which the assessment of transmural differences is not reliable. Another major study problem is the uncertainty in data interpretation because of the lack of a reliable reference method. Indeed, so far only dynamic PET allows measurement of MBF at rest and under stress in humans, and therefore the determination of MBF in different layers cannot be validated against any other technique. As for prior studies with H 2 15 O, there are no possible validations beyond methodological correctness and the acquisition of data that make sense from the physiopathological point of view. The very good agreement between the results of this study and previous results in HCM patients supports the study's methodological robustness [12] .
Conclusion
By means of a novel method of data analysis based on pixel-wise parametric imaging, we confirmed using 13 NH 3 that HCM is characterized by a significant reduct i o n i n t r a n s m u r a l p e r f u s i o n g r a d i e n t d u r i n g dipyridamole infusion. This methodological development needs to be validated in other patient groups, particularly in subjects with normal LV thickness, as has been done for H 2 15 O [13, 14] , and if confirmed it could be the first step towards more widespread and clinically oriented assessment of transmural differences in MBF, with important implications for the evaluation of various heart disorders, of which the most important is coronary artery disease.
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Appendix 1
Pixel-wise parametric mapping MBF maps were calculated using a model derived from the parametric mapping method developed by Harms et al. [26] for cardiac water PET. The operational equation for the activity in myocardial pixels includes two geometric spill-over fractions (V LV , V RV ) from the LV and RV blood (C LV , C RV ):
The tracer concentration in myocardium C myo (t) is modelled by a one-tissue compartment model and is proportional (up to the constant K 1 ) to the convolution of the metabolite-corrected input curve with an exponential decay:
For the ammonia tracer, K 1 corresponds to MBF, and k 2 to the tissue washout. The linear metabolite correction with slope −mCorr applied in this equation was proposed by DeGrado et al. [18] and is only valid for scan durations up to 4 min.
The solution to the operational equation uses basis functions of the form:
Using the basis functions, the operational equation can be reformulated as a multilinear equation:
with
The data analysis methodology then consists of the following two steps. As a preprocessing step the basis functions are calculated for a set of k 2 values which span the physiologically relevant range. In each pixel the TAC is fitted by solving the operational equation for all basis functions and selecting the solution that best fits the measurement. From the resulting parameters θ 1 , V LV and V RV the MBF (= K 1 ) can readily be calculated. If the blood contribution in a pixel is too high (V LV +V RV >0.75), the MBF result is discarded.
Appendix 2 Transmural layer analysis
The procedure started from the identification of a reference pixel p* located exactly at the centre of the LV. Later, considering a generic pixel p, we defined it as not belonging to the first (most internal) layer if there were other pixels interposing between p and the reference pixel p*; otherwise, we characterized p as belonging to the most internal layer. Once the first layer was completed, the corresponding pixels were taken apart and the procedure repeated for the second and then for the following layers. To reduce the impact of the tool noise, at the end of the procedure the different layers were grouped only in subendocardial and subepicardial MBF. A key point of the method is the appropriate definition of the list of potential other pixels that may interpose between p and p*, about which we combined and integrated two different specifications. Before starting, all pixels with an intensity less than the corresponding first percentile (computed by excluding zero values) were removed to reduce the impact of the tool noise.
The pixel p* corresponding to the centre of the heart cavity, was identified taking its x and y coordinates equal to the corresponding rounded averages in the data, while its z coordinate was set equal to 26, the largest z coordinate usually in the data. For each pixel p, a set S(p) of other pixels that could interpose between p and p* was defined. The approaches differed in the way S(p) was outlined.
According to the O (= opposite) definition, S(p) included the pixel opposite to p with regard to p*, in the sense that in imaging to connect the two pixels by a segment, the pixel in S(p) was the closest to the segment. This element was computed as c+(c*−c), where c denotes one of the three coordinates of p and c* the corresponding element of p*. Example: p= (20, 9, 19) and p*= (18, 18, 26) , implied S(p)={ (19, 10, 20) }. We labelled this particular set as S O (p).
On the basis of the L (= L-path) definition, S(p) included the three pixels that at the same time were closest to p* and an L trajectory made in moving toward it from p. Such pixels were computed taking the coordinates of the element in S O (p) and replacing each one of its coordinates, one at a time, by the corresponding coordinate of p. Example: p= (20, 9, 19) and p*= (18, 18, 26) , implied S O (p)={ (19, 10, 20) }, and thus S(p)={ (20, 10, 20) , (19, 9, 20) , (19, 10, 19) }. We labelled this particular set as S L (p).
The first layer was composed of those pixels p having any member of the corresponding S(p) not belonging to the data. After removal of the points assigned to such a layer, the procedure was iterated to the following layers until all pixels were assigned. This methodology was applied using both the O and L definitions, delivering possibly different layer configurations, because the layer value assigned to the same pixel by O and L, l O (p) and l L (p) respectively, might be different.
Since both approaches had pros and cons, more reliable results were obtained by combining them. Both produced a number of layers that varied from patient to patient and, in the same individual, for different heart sections. The conversion to the final layer value was done in three steps: (1) p was initially assigned to the layer produced by the L method, l L (p); (2) the layer value in 1 was then corrected to the corresponding value produced by the O method, l O (p), when the absolute value of the difference between the two was greater than 1; and (3) the layer values were then dichotomized mapping the values less or equal to 2 to 1 and the remainder to 2.
